Abstract: We advance mass spectrometry from ac ell population-averaging tool to one capable of quantifying the expression of diverse proteins in single embryonic cells.O ur instrument combines capillary electrophoresis (CE), electrospray ionization, and at ribrid ultrahigh-resolution mass spectrometer (HRMS) to enable untargeted (discovery) proteomics with ca. 25 amol lower limit of detection. CE-mESI-HRMS enabled the identification of 500-800 nonredundant protein groups by measuring 20 ng,o r< 0.2% of the total protein content in single blastomeres that were isolated from the 16-cell frog (Xenopus laevis) embryo,amounting to atotal of 1709 protein groups identified between n = 3b iological replicates.B y quantifying % 150 nonredundant protein groups between all blastomeres and replicate measurements,w ef ound significant translational cell heterogeneity along multiple axes of the embryo at this very early stage of development when the transcriptional program of the embryo has yet to begin.
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Empowering high-resolution mass spectrometry (HRMS) to the characterization of the proteome in single cells is alongstanding challenge that promises to deepen our understanding of how functional differences between cells fundamentally contribute to health and disease.
[1] HRMS is label-free, quantitative,a nd allows for the unbiased measurement of the deep encoded proteome by averaging multiple,u sually, millions of cells.
[2] However,t otransform HRMS from ac ell population-averaging tool into a" single-cell proteomic analyzer", new approaches are needed with exceptional sensitivity and reproducibility.T he prospect of proteomic single-cell analysis was pioneered in the 1990s when capillary electrophoresis (CE) and Fourier transform MS was combined to detect a-a nd b-globulins in 5-10 human erythrocytes [3] and carbonic anhydrase [4] in their lysates diluted to single cells. HRMS-based detection of globulins was accelerated to 12 erythrocytes/min using microfluidic devices [5] and, most recently,3 4t argeted proteins contributing to hematopoiesis were detected at % 1000 cell/s throughput using mass cytometry. [6] Continuous developments in HRMS sensitivity enabled untargeted (discovery) proteomics on progressively smaller populations of cells [1c, 7] with representative successes including the identification of 2000 proteins from 2000-4000 cells from single Langerhans islands, [8] 167 proteins from 500 breast cancer cells, [1a] 109 proteins from 100 HeLa cells, [9] and most recently, % 12 000 proteins in % 50 fertilized [10] and as ingle unfertilized egg of the South African clawed frog (Xenopus laevis). [11] Using advanced microsampling and discovery HRMS, [1c, 12] neuropeptides were characterized in single molluscan [13] and arthropod neurons [12] as well as cells in the mammalian pituitary gland and Langerhans islets.
[13a]
However,d iscovery measurements addressing the deep proteome have yet to be developed for single cells.T oaddress this challenge,wehere develop abottom-up HRMS platform and protocol that enables identification-quantitation of alarge number of proteins in single embryonic cells.
Then ew single-cell proteomic analyzer integrates ac ustom-designed single-cell CE platform and aC E-microflow electrospray ion source (mESI) to ah igh-resolution tandem mass spectrometer in ab ottom-up proteomic workflow (Figure 1 ), in which proteins are identified/quantified based on unique peptide sequences.T his design was inspired based on aCEplatform that we recently developed for small molecules (metabolites) in single neurons [14] and Xenopus embryonic cells (blastomeres). [15] Thesingle-cell CE platform was able to electrophoretically separate 1-50 ng peptides into aCE-mESI interface,where peptides were efficiently ionized and sequenced on the order of milliseconds using HRMS (see Supporting Information). A25-amol lower limit of detection and a3 -5 log-order quantitative range for standard peptides ( Figure 2A) r aised trace-level bottom-up proteomic capabilities.
We tested CE-mESI-HRMS on single embryonic cells of different developmental fates in the 16-cell embryo;t he midline dorsal-animal cell (termed D11) reproducibly gives rise to the central nervous system;the midline ventral-animal cell (termed V11) gives rise to the neural crest and epidermis; and the midline ventral-vegetal cell (termed V21) gives rise principally to the hindgut [16] (Figure 1 ). Although these blastomeres contain aconsiderable amount, % 10 mgproteins ( Figure S1 in the Supporting Information), % 90 %( w/w) of the proteome is dominated by vitellogenin (yolk protein), essentially providing % 1 mgy olk-free proteome/cell at this developmental stage. [17] Thev olume of the blastomeres ( % 90 nL/cell) and their protein content are 1000-to 10 000-times and 100-to 1000-times smaller than typically accessed in bottom-up HRMS,r espectively.A fter downscaling at raditional bottom-up proteomic workflow by ca. 20-fold, we were able to extract and digest proteins from single D11, V11, and V21 blastomeres and repeatedly analyze 20 ng,o r0 .2 %o ft he total protein content of these single cells with aquantitative technical reproducibility of 11.5 %s tandard error of the mean (S.E.M.) (same extract measured multiple times across aw eek) and ab iological reproducibility of 13.5 %S .E.M. (different single blastomeres of the same type measured from different embryos) ( Figure 2B ). Te chnical details are provided in the Supporting Information. These results provide leverage to using this instrument for also smaller cells such as mammalian cells.
To access the single-cell encoded proteome deeper,w er econfigured the CE-mESI-HRMS instrument for higher-sensitivity detection ( Figure 2C ). Using digests of 16-cell embryos,w ep erformed a1 2-step refinement of system performance (see details in Table S1 ). As ar esult, we were able to identify 482 nonredundant protein groups (PGs) from 1630 proteins in 20 ng digest by acquiring 23 000 peptide spectral matches.I n comparison with nano-liquid chromatography nano-ESI-HRMS,C EmESI-HRMS identified ac omparable number of proteins by sequencing al arger number of peptides while measuring 200-times less protein digest in half the time ( Figure 2D ). We attribute these performance improvements by CE to asynergy of factors:peptide loading directly into the separation capillary minimizes peptide losses;field-amplified sample stacking pre-concentrates peptides on-line;ahigher electrophoretic separation efficiency distinguishes complex peptides in higher peak capacity; peptides separating as narrower bands (25-s vs.7 5-s-wide peaks in nanoLC) better utilize the duty cycle of tandem HRMS,p articularly benefiting parallelizable analyzer operation by the orbitrap-quadrupole-linear ion trap tribrid instrument design.
Next, we demonstrated CE-mESI-HRMS for querying protein expression in single blastomeres.U sing new-generation nanoLC-nanoESI-HRMS [18] capable of obtaining deepto-near complete coverage of the encoded proteome, [2a] recent studies on whole Xenopus embryos and eggs quantified the expression of 11 000 proteins with high precision, [11] finding global translational changes among 4000 PGs during early embryogenesis [19] and revealing even nucleocytoplasmic protein partitioning in the oocyte. [20] Using CE-mESI-HRMS, we identified 1070 PGs in V11, 884 PGs in V21, and 853 PGs in D11 blastomeres,a mounting to at otal of 1709 different PGs (from 4846 proteins) identified among these cell types measured in n = 3b iological replicates with technical dupli- Figure 2 . Advancing bottom-up discovery proteomicst osingle cells using CE-mESI-HRMS. A) Quantification curves for model peptides with 25-amol lower limit of detectiona nd at least a3-log-order linear dynamicr ange. B) Evaluationo ftechnical and biologicalr epeatability across aw eek of measurements. C) Proteomic coverage was enhanced using 20 ng digest by refining sample preparation-separation (Steps 1-4), peptide sequencing (Steps 5-9), and data analysis (Steps 10-12). Experimental conditionsare in Table S2 . D) Comparing peptide identifications by CE-mESI-HRMS with nanoLC-nanoESI-HRMS, the closest neighbor of bottom-up proteomic technology.
cates (see also Table S2 ). Ac omprehensive list of identified proteins is provided in Table S3 . About aq uarter of these proteins were common to all the cell types,i ncluding Fzd2, Gapdh, and Vtg.Other proteins were identified in only one or two cell types (see Figure 3A) , such as Gem and Ism in D11, Sox9 in V11, and Vent1 in V21. Results from independent studies corroborate these findings:V tg is ubiquitous in the embryo and proteins such as Gapdh are involved in basic cell energy production;G em and Ism participate in neuronal development, [21] agreeing with the main fate of D11 blastomeres; [16] Sox9 is involved in neural crest development, one of the fates of V11 blastomeres; [16] and Vent1 is linked to the formation of the proctodeum, [22] consistent with the reproducible hindgut fate of V21. [16] Gene ontology annotation suggests that the identified proteins principally orchestrate metabolic processes,t ransport, and cell organization in various subcellular locations,i ncluding the cytoplasm, nucleus,a nd membrane ( Figure 3B ). In agreement, metabolism is particularly active in these blastomeres and different cell types harbor different metabolomes. [15, 23] Exponentially modified protein abundance indexes (emPAI) [24] calculated on the CE-mESI-HRMS data suggested that the proteins spanned a5-6 log-order concentration range ( Figure 3C ), agreeing with abundances reported for whole embryos using nanoLC-MS. [11] Analysis of variance (ANOVA )o n median-normalized emPAI scores suggested differential expression for several proteins between the cell types (see representative proteins in Table S4 ). Forexample,Vtg A2 and B1 were more abundant in the V21 and D11 blastomeres,a nd the D11 cells accumulated Vdac2 compared to the counterparts (see inset, Figure 3C ). In agreement, Vtg is known to accumulate in blastomeres occupying the vegetal hemisphere,and Vdac2 is expressed in the brain and eyes of the embryo (see Xenbase Image ID 30480), which are derived from the D11 blastomere. [16, 25] With internal standards,i ti sp ossible to use these emPAI values to quantify single-cell protein expression with precision and accuracy in future studies.T he proteins detected in this study correspond to ca. 30 %of the encoded proteome of Xenopus embryos at this early stage of development, [26] providing ad eep coverage of the single-blastomere encoded proteome after cell cleavage begins.
Last, we validated translational cell-heterogeneity by adapting orthogonal multiplexing quantification to the single cells (Figure 1 ). Digested D11, V11, and V21 blastomeres (n = 3) were labeled using distinct tandem mass tags,a nd the resulting peptides were pooled and measured together in technical quadruplets (see Supporting Information). Of the 1200+ + PGs that were identified across all measurements,1 38 PGs were quantified between D11/V11, 134 PGs between V11/V21, and 145 PGs between V11/V21 cell types,a mounting to at otal of 152 different PGs quantified between all cell types.B ased on high-accuracyq uantification of whole embryos by nanoLC-MS, [11] these proteins are estimated to range from af ew tens of nanomolar to tens of micromolar,demonstrating sufficient sensitivity by CE-mESI-MS also for single-cell analysis;l owabundance proteins included Zmat ( % 13 nm), Tbx6r ( % 20 nm), and Eno1 ( % 90 nm)i no ur measurements.F igure 3D compares protein expression between the cell types, and differentially expressed proteins are compiled in Figure S4 . Abundances were comparable between the blastomeres for the majority of the proteins (ratios centered at 1.0), whereas levels were significantly different for 16 PGs between D11-V11, 47 between D11-V21, and 45 between V11-V21 blastomeres (see proteins in Table S5 ). Fore xample,e xpression was higher for Vdac2 and Eif5a in D11 as well as for Tbx6r and Vtga2 in V21. In agreement, we earlier found Vdac2 to be more highly abundant in D11 cells,E if5a plays Figure S3 and proteins in Table S3 ). B) Gene ontology evaluation of biologicalp rocesses (top) and sub-cellular location of identified proteins (bottom). C) Protein abundances covered a5 -6 log-order dynamicr ange. Differential expression shown for Vdac2 (Inset). D) Multiplexing quantification for 152 nonredundant protein groups between the D11/V11, D11/V21, and V11/V21 cell types. The volcano plot marks statistical and biological significance (p < 0.05, ! 1.3-fold change) and labels select proteins. Significantprotein differences are shown in Figure S4 and listed in Table S5 .
Angewandte ar ole in brain development and function, [27] as tereotypical fate of the D11 cell type, [16] and vegetal cells are known to contain more yolk platelets.I ntriguingly,d ifferential protein expression signifies that asymmetry along the animal-vegetal (V11 vs.V21) and dorsal-ventral (D11 vs.V11) axes of the 16-cell embryo are already established when transcriptional asymmetry is evidenced only along the animal-vegetal axis based on deep sequencing of the single-blastomere transcriptomes. [28] Theq ualitative and quantitative proteomic expression dataset that is provided here complements already available transcriptomic information on molecular processes during embryonic development and raises an opportunity to design targeted experiments to test the developmental roles of select proteins.P roteins that were identified or quantified during this work compare favorably to transcripts that were recently identified in the early developing embryo using next-generation sequencing technologies. [28, 29] Table S6 tabulates 998 transcripts for which we have manually confirmed the corresponding transcript in the published mRNAd atasets. Additionally,t his list expands to at least 1601 proteintranscript matches based on protein names that were derived from experimental mRNAd atasets marking known expression of the gene. [11, 30] In addition to al arge number of housekeeping gene products,t his list includes at least 20 known signal transduction and transcription factors.B esides partial validation of performance for single-cell CE-mESI-HRMS,t his agreement also suggests that several mRNAs inherited from the egg are translated prior to the onset of embryonic transcription, which occurs several hours later.W e anticipate that the single-cell proteomic mass spectrometer that was developed here will expand the technological toolbox for cell and developmental biology to help derive ah olistic understanding of basic cellular biochemical processes orchestrating normal development.
